The Universal Soil Loss Equation (USLE) model is the most frequently used model for soil erosion risk estimation. Among the six input layers, the combined slope length and slope angle (LS-factor) has the greatest influence on soil loss at the European scale. The S-factor measures the effect of slope steepness, and the L-factor defines the impact of slope length. The combined LS-factor describes the effect of topography on soil erosion. The European Soil Data Centre (ESDAC) developed a new pan-European high-resolution soil erosion assessment to achieve a better understanding of the spatial and temporal patterns of soil erosion in Europe. The LS-calculation was performed using the original equation proposed by Desmet and Govers (1996) and implemented using the System for Automated Geoscientific Analyses (SAGA), which incorporates a multiple flow algorithm and contributes to a precise estimation of flow accumulation. The LS-factor dataset was calculated using a high-resolution (25 m) Digital Elevation Model (DEM) for the whole European Union, resulting in an improved delineation of areas at risk of soil erosion as compared to lower-resolution datasets. This combined approach of using GIS software tools with high-resolution DEMs has been successfully applied in regional assessments in the past, and is now being applied for first time at the European scale.
Introduction
Soil erosion is a land degradation process that impacts a number of functions (biodiversity, food production, carbon stock, ecosystem services), the precise quantitate assessment of which can be modeled. The Universal Soil Loss Equation (USLE) and its revised version (RUSLE) are frequently used in soil erosion modeling even at large scales, despite their shortcomings. In a data collection exercise performed at the European level in 2009-2010 through a network of national contact points, almost all soil erosion modelers who provided data at national level used the RUSLE model [1] . The main input layers for the USLE model are rainfall erosivity (R-factor), soil erodibility (K-factor), vegetation cover (C-factor), slope length and slope angle (LS-factor) and the support practice (P-factor). As the LS-and C-factors have the greatest impact on modeling soil loss [2] , it is important to continue to improve the accuracy of these factors.
The Digital Elevation Model (DEM) is a quantitative representation of the Earth's surface that provides basic information about the terrain and allows for the derivation of attributes such as slope, aspect, drainage area and network, curvature, and topographic index [3] . The DEM and the LS factor determine the spatial resolution (cell size) of the soil erosion model results, and incorporate the soil erosion potential due to surface runoff. The L-factor gives the impact of slope length while the S-factor accounts for the effect of slope steepness. The LS-factor is dimensionless, having values equal to and greater than 0. The main objective of this study is to compute the LS-factor based on a high-resolution DEM for the whole European Union. Most European-scale studies [4, 5] implemented the LS-factor using the algorithms proposed by Desmet and Govers (1996) [6] .
Methodology
The methodology presented in this paper for estimating the LS-factor has the following features: (a) uses a high-resolution DEM at 25 m, (b) applies the Desmet and Govers (1996) algorithm [6] , and (c) limits the estimation of LS to a maximum slope angle of 50% (26.6 degrees).
We used a new high-resolution (25 m) DEM of the European Union (EU-DEM) to calculate the LS-factor. The EU-DEM provides pan-European elevation data at 1 arc-second, and is a hybrid product based mainly on Shuttle Radar Topography Mission (SRTM) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) [7] . The EU-DEM was developed through the Copernicus program, and its statistical validation documents a relatively satisfactory overall vertical accuracy of 2.9 m root mean square error [8] . This resolution of the EU-DEM is the best available at the European scale; to date, only regional [9, 10] or national soil erosion estimates have used DEMs with resolutions of 10 to 40 m [1] . Molnar and Julien (1998) [11] calculated soil erosion at different grid-cell resolutions. They concluded that the grid-cell size is very important for the S-factor, since the slope decreases as the cell size increases.
Initially, McCool et al. (1987) [12] found that soil loss occurs faster in slopes that were steeper than 9%. Renard et al. (1997) [13] adopted this algorithm in RUSLE for the S-factor estimation based on the slope gradient: where Θ is the gradient of slope in degrees.
Compared to other methodologies applied in China [14] , which use a different algorithm for steeper slopes (>10 degrees), the S-factor calculated using this method is lower by around 20%. This difference between our methodology and Liu's algorithm could be attributed to the fact that 45% of the areas studied in the EU-DEM contained slopes that were greater than 10 degrees. This difference is minimal in agricultural land uses as very limited arable areas are found in steep slopes. However, the RUSLE algorithm [13] was selected in order to be able to compare results with those of other studies carried out in the European Union.
Initially, Wischmeier and Smith (1978) [15] defined the L-factor as the ratio of soil lost from a horizontal slope length to the corresponding loss from the slope length of a unit plot (22.13 m). According to this definition, slope length is the distance from the point of origin of overland flow to the point where either the slope gradient decreases enough for deposition to start, or runoff waters are streamed into a channel. According to this simple definition, the L-factor can be represented as:
where λ is the slope length (in meters) and m is equivalent to 0.5 for slopes steeper than 5%, 0.4 for slopes between 3%-4%, 0.3 for slopes between 1%-3% and 0.2 for slopes less than 1%.
Given that slope steepness is not uniform for the whole area, Foster and Wischmeier (1974) [16] proposed to sub-divide the slope into a number of segments. Desmet and Govers (1996) [6] extended this approach to a two-dimensional terrain using the concept of the unit-contributing area:
where , − is the contributing area at the inlet of grid cell (i,j) measured in m 2 . D is the grid cell size (meters), Xi,j = sin , + cos , , the , is the aspect direction of the grid cell (i,j).
m is related to the ratio β of the rill to interill erosion:
where,
θ is the slope angle in degrees. The m ranges between 0 and 1, and approaches 0 when the ratio of rill to interill erosion is close to 0 [17] . Contrary to Mitasova et al. (1996) [18] , Desmet and Govers (1997) [19] proved that this LS-factor model is appropriate for landscape-scale soil erosion modeling, and can capture complex topography.
The cutoff slope angle is defined as the change in slope angle from one cell to the next. The maximum slope angle for which the LS-factor is estimated is 50%. This option was selected both using the values suggested in the literature [20] , [21] and by performing experimental estimations in Switzerland, which has the highest slope gradients and the most heterogeneous geomorphology in Europe. Both McCool et al. (1993) [22] in the United States and Liu et al. (2000) [23] in China defined the maximum slope angle as 55% for LS-factor estimation. Hardly any type of soil above 50% slope angle was found in Europe. Only 1.3% of the forests and 0.5% of grasslands are on slopes in Switzerland that are steeper than 26.6 degrees (50%). Having tested this hypothesis in Switzerland, it was obvious that very few (0.003%) cells in the European Union territory could have a slope greater than 50%. Therefore, the cutoff value of 50% was assigned.
The increasing availability of DEMs has promoted the use of image-processing techniques and software for deriving terrain properties [24] such as the LS-factor. SAGA (System for Automated Geoscientific Analyses) software is a user-friendly platform that provides a comprehensive set of modules for data analysis and numerous applications such as those focusing on DEMs and Terrain Analysis [25, 26] . We estimated the LS-factor by using one of the hydrology modules available in SAGA (the LS-factor field base) which incorporates the multiple flow algorithm [27] . Moreover, SAGA carries out computations much more quickly than the classical ArcGIS toolbox [28] , and calculates flow accumulation directly from the DEMs.
The main limitation of this methodology is the existence of landscape features (i.e., roads, paths, fences, contours, stone walls and grass margins) that may interrupt the water runoff and reduce the slope length, but are not identified in the DEM. The 25 m DEM could be potentially used for the identification of such features, but would involve an unsustainable amount of processing time and effort at the European scale. Experimental results on the island of Crete [29] have demonstrated that local landscape features result in a proportional reduction of the LS-factor. Those characteristics may be useful for calibrating LS-factor estimations at national or European scales. However, features which are maintained by farmers, such as grass margins, contours and stone walls, are proposed among the support practices (P-factor) that help reduce soil erosion.
Results and Discussion
The application of the methodology resulted in the first topographic mapping of the LS-factor at 25-m resolution for the European Union (Figure 1 ). The greatest LS-factor values are observed in mountain areas such as the Alps (Slovenia, Austria, Italy and France), the Pyrenees (Spain), the Apennines (Italy), the Carpathian mountains (Romania) and the Pindos mountain range (Greece). The mean LS-factor value for the whole European Union is 1.63, with a range of 0 to 99. LS-factor values greater than 25 were found in only 0.1% of the whole European Union, mainly located in Austria, Greece, Italy and Slovenia.
The calculation of some descriptive statistics (mean, standard deviation, coefficient of variation) helped identify the countries with the highest mean LS-factor values due to their complex topography, characterized mainly by undulating relief. Austria has the highest mean LS-factor (5.2) followed by Slovenia, Greece, and Italy, each with mean LS-factors greater than 3 ( Table 1 ). The flattest country is the Netherlands (LS-factor = 0.2) followed by Denmark, the Baltic States and Finland (LS < 0.5).
The Coefficient of variation (CV) is an indicator of the degree of heterogeneity within a country. The greatest variation is found in France, Hungary and Poland, while the least variation is found in the Baltic States, Luxembourg and the Netherlands. Moreover, the aggregated data allow for a quick estimation of the influence of the LS-factor in the overall soil loss rates of a country. More detailed statistics per land cover type can be found in Table S1 . In a recent pan-European study, Bosco et al. (2015) [30] have estimated the LS-factor based on 100 m DEM (much coarser resolution than the current one) using a simplified equation and assuming surface runoff concentration in less than 300 m. Instead, our approach has taken as input the high resolution DEM at 25 m, employed a multiple flow algorithm for the flow accumulation and did not apply any arbitrary slope lengths. The detailed features that are shown in the 25 m DEM are obscured in the coarser resolution (100 m) with loss of drainage network patterns and hillslopes variability. The spatial variability of landscape features and the LS-factor increased accuracy of our study are visible (Figure 2 ) compared to past study [30] . As DEM resolution and accuracy increase, the landscape will be more accurately described, soil erosion topographic factor will be calculated precisely and erosion estimates will approach actual values [31] . Wu et al. (2005) [32] concluded that the 30 m DEM resolution is adequate for soil erosion assessments while the 100 m should be handled with care due to increased contributing area and decreased slopes.
Due to its high (25 m) resolution, the European LS-factor dataset is more than 50GB in size. LS-factor datasets per country can be downloaded from the European Soil Data Centre (ESDAC) web platform [33] and used as input layers for any soil erosion assessment at various scales (local, regional, national, European). The use of GIS software tools (e.g., SAGA) with the high-resolution DEM allows for precise soil erosion estimates with more reasonable costs and better accuracy than in the past. The LS-factor, combined with the K-factor at 500-m resolution [34] , the R-factor at 500-m resolution [35] , the P-factor [36] and the upcoming C-factor layer, will greatly help to improve soil erosion modeling at the European scale. 
Conclusions
The LS-factor has been calculated in great detail using the high-resolution 25 m DEM, the multiple flow algorithm and the SAGA software. The visual analysis (Figure 2) indicates that DEM resolution does have profound consequence on the spatial pattern of the LS factor. This first application of a DEM at this scale for the whole European Union is a significant improvement on past assessments that used 100 m DEMs due to higher input data accuracy, multiple flow algorithm implementation and better representation of landscape. The high-resolution DEM helps to capture the geomorphological changes with greater precision and thereby estimate soil erosion with greater accuracy compared to past assessments. The latest software developments such as SAGA have contributed significantly to this improvement. As DEM resolution increases, the landscape is more accurately modeled contributing to better spatial soil loss estimates.
The quality of the modeled LS-factor is considered to be sufficient for the European scale as it mainly uses the high-resolution (25 m) DEM. The availability of real data is also important for soil erosion modelers, particularly when applying the complex LS-factor algorithms.
